A new structure called Membrane-Electrode-Assembly-Plate unit with lateral hydrogen tube is developed, which binding the periphery of the anode face of a bipolar plate with the periphery of the anode side of a membrane electrode assembly by using silicone adhesive. An air-cooled proton exchange membrane fuel cell stack is assembled through stacking forty Membrane-Electrode-Assembly-Plate units and mounting two hydrogen external manifolds. Consequently, the possibility of hydrogen leakage to the cathode side is excluded completely. The maximum power can temporarily reach 351.60 W at 20.0 A. Eight-hour stack stability is tested at a constant current of 4.77 A, i.e., 100 mAcm -2 . The average voltage drop rate of single cell is calculated as 0.852 mVh -1 . It is explained that the rapid stack voltage drop during eight-hour operation is caused by the formation, accumulation and spread of liquid water inside both the anode and cathode gas diffusion layers and is reversible.
INTRODUCTION
Proton exchange membrane fuel cells (PEMFCs) can operate at low temperatures, start-up rapidly and respond quickly to changing electric loads. They are ideally suited for vehicle powertrain, residential generator, emergency power supply and portable power source, etc. Recently the application of a small PEMFC system has been extended to unmanned aerial vehicle (UAV) [1-2] because a portable power source based on an open-cathode air-cooled PEMFC stack and lightweight hydrogen cylinder can increase the flight time of a UAV to several hours. In an air-cooled PEMFC stack, the cathode side of a Membrane-Electrode-Assembly (MEA) is exposed directly to the ambient air through its open-cathode air channels as shown in Fig. 1 -a. Low pressure axial fans (as shown in Fig. 2 ) force air into the cathode air channels to ensure the amount of oxygen needed for the cathodic electrochemical reaction, and also to remove excessive heat. In addition, hydrogen is normally used without humidification. Therefore, no humidifier and other cooling loop are needed in an air-cooled PEMFC system, which simplifies the system and also reduces its weight.
Several researchers have designed and fabricated their air-cooled PEMFC stacks ranging from several watts to 2kW [3] [4] [5] [6] [7] . Due to the air channels passing through the whole width of a bipolar plate as shown in Fig. 1 -a, no flat area exists in each end of the cathode air channels. This means the sealing design of an air-cooled stack would be different from that of a water-cooled stack. In a water-cooled stack, an elastomeric gasket extending from a MEA is arranged into the sealing groove on a bipolar plate [8] . The elastomeric gasket is deformed after tightening force is exerted on the stack by using screws and nuts. Therefore, tight sealing is formed and then proper electric contact is guaranteed. However, in an air-cooled stack, a whole elastomeric gasket is difficult to be used because there is no flat area (existing in each end of cathode air channels) to form the sealing groove. To solve this problem, LopezSabiron et al [6] combined both adhesive and O-rings for sealing. In their case, a flat area, which is parallel to the cathode air channels, was designed at each side of the flow field. MEA was glued with the anode side of a bipolar plate. O-rings were placed in their seats on the flat area of the cathode side of a bipolar plate, and were deformed by tightening force to form sealing and thus to ensure a proper electric contact. However, the two side flat areas decreased the effective area utilization of a bipolar plate, which means both the weight and volume were increased. Kim et al [9] designed a more compacted bipolar plate. They glued the membrane which extended from a MEA with the anode face of a bipolar plate. Orifices were formed on both the gas diffusion layers (GDLs) and the membrane of the MEA and also on the cathode bipolar plate. A silicone tube manifold went through these orifices to supply hydrogen to the anode flow field. However, when hydrogen passes through the thickness direction of a bipolar plate, there still exists the possibility of leaking hydrogen to the cathode side if the O-rings in [6] or the silicone tube manifold in [9] is failure or misplaced. Based on the above analysis, the integration design of sealing function, proper electric contact, gas manifold and high area utilization for the bipolar plate of an air-cooled stack would not always be as perfect as planned.
When considering the portability of an air-cooled PEMFC system, the weight and size of a hydrogen cylinder are restricted. Therefore, the continuous operation of such a system is normally limited to several hours. The stability research of an air-cooled PEMFC stack during a several-hour test is important because its structure and operating condition are totally different from those of a watercooled PEMFC stack. Only few articles presented the stability data of tens of minutes to five hours [2, [10] [11] [12] [13] , i.e. voltage varied with time (V-t) at a constant current. It can be easily found in [2, [10] [11] [12] [13] the average voltage drop rate of single cell reaches millivolt per hour level, which is one or two magnitude larger than that of the conventional water-cooled stack [14] . But no research has explained the reasons for the rapid voltage drop. Based on the above analysis, it was initially thought the previous sealing designs given in [6, 9] might cause minor leakage of hydrogen to the cathode of a stack to induce the rapid voltage drop.
Therefore, a new structure called Membrane-Electrode-Assembly-Plate (MEA-Plate) unit is developed, which binding the periphery of the anode face of a bipolar plate with the periphery of the anode side of a MEA by using silicone adhesive. Hydrogen is supplied from lateral hydrogen tube to each bipolar plate and hydrogen external manifolds are used when assembling a stack. Consequently, the possibility of hydrogen leakage to the cathode side is excluded entirely. In this new design, a cathode GDL has the same area as the cathode face of a bipolar plate as shown in Fig. 1 -c, which means good electric contact can be guaranteed when they touch each other. Hence, the functions of sealing, electric contact and gas manifold are separated from each other in the new design, and high area utilization of a bipolar plate could be reached in the meantime. Based on the new design, eight-hour voltage stability is tested and detailed analysis and explanation on the rapid voltage drop are given.
STRUCTURE DESIGN OF THE AIR-COOLED PEMFC STACK

Design and fabrication of the MEA-Plate
The schematic and the appearance of the bipolar plate are shown in Fig. 1 -a. Hydrogen tubes are inserted into the graphite plate laterally and are stuck to it with sealant. A hydrogen distributing groove is connected to a hydrogen tube to distribute hydrogen to the hydrogen channels. Hydrogen sealing groove is formed at the periphery of the graphite plate to accommodation the silicone adhesive and also restrict the position of the adhesive. Air channels are formed across the width direction of the bipolar plate.
The schematic and the appearance of the MEA are shown in Fig. 1-b . The size of a homemade catalyst coated membrane (CCM) [15] and the size of a homemade cathode GDL are the same, and both are larger than that of an anode GDL. After these three layers are hot-pressed, a hydrogen sealing groove is naturally formed on the periphery of the MEA. This means the height of the hydrogen sealing groove is the same as the thickness of the anode GDL. Liquid silicone adhesive with controlled height is first deposited on the hydrogen sealing groove on a bipolar plate by means of a dispensing machine. Then, a MEA is covered onto the bipolar plate while placing the anode GDL opposite to the hydrogen channels. The silicone adhesive exists between the hydrogen sealing groove of the bipolar plate and the hydrogen sealing groove of the MEA as shown in Fig. 1-c. After that, the pre-bonded MEA-plate unit is pressured a little bit to squeeze the excess adhesive out of the hydrogen sealing grooves; as a result, silicone adhesive would neither enter into the anode GDL nor the hydrogen flow field. Finally, the pre-bonded MEA-plate unit is cured at room temperature for twenty-four hours to form the MEA-plate unit. Figure 2 . Schematic and appearance of the air-cooled PEMFC stack As shown in Fig. 2 , MEA-Plate units and two current collectors are stacked between two end plates by using screws and nuts. Then, hydrogen tubes on the same side are inserted into the hydrogen external manifold and then sealed. Finally, fans and other small parts are installed onto the stack.
Fabrication of the stack
Hydrogen enters into the hydrogen external manifold, where it is distributed to each lateral hydrogen tube and then is transported to the corresponding hydrogen flow field on each bipolar plate. Air is sucked into air channels by DC fans to supply oxygen and coolant to the stack. Therefore, the possibility of hydrogen leakage to the cathode side through the sealing structure is excluded. The design parameters of the new air-cooled PEMFC stack are concluded in Table 1 . Furthermore, as shown in Table 1 , a thicker membrane, i.e., Nafion 212, is used in order to prevent the possible hydrogen leakage derived from fabricating MEAs. Two-bar (absolute pressure) pure nitrogen was kept inside the stack anode for one hour, and no pressure change was found. Consequently, the possibility of hydrogen leakage to the cathode side is excluded completely. 
GENERAL INTRODUCTION OF THE TESTING
A Kikusui 1004W 1 kW load bank was used during the I-V curve measurement and the stability test. Four DC fans mounted on the stack were powered by a separated DC power supplier. For simplicity, the input voltage to a DC fan was kept at its rated value, i.e., 12 V during our tests, which means the air flow rate was kept at a constant value when the current was varied. During the I-V curve measurement, constant current mode was set. The current varied from 0 A to 22 A and the testing period for each current was 30 s. A constant hydrogen flow rate of 85% utilization at 22 A was set during the I-V curve test. Furthermore, during the stability test, a constant hydrogen flow rate of 85% utilization at corresponding current was set. During all tests, dry hydrogen of 99.999% entered into the stack directly without humidification, while the room temperature and humidity of the air varied a little bit because of the change of local weather. Figure 3 . I-V and I-P curves of the air-cooled PEMFC stack Fig. 3 shows the I-V and I-P curves of the air-cooled PEMFC stack with forty MEA-Plate units. Each data on Fig. 3 was the last data recorded by Kikusui software during the 30 s test of each current.
RESULTS AND DISCUSSION
As a result, Fig. 3 presents the maximum ability that the stack could temporarily reach at each current. During the I-V test, the room temperature and relative humidity were 21 ℃ and 45%. As shown in Fig.  3 Considering a work day is normally eight hours, eight-hour stability operation of the air-cooled PEMFC stack was conducted daily during two weeks. Fig. 4 and Fig. 5 show the typical one-day data. The operating current was kept at 4.77 A, i.e., 100 mAcm -2 . The average room temperature and relative humidity on that day were 20 ℃ and 55 % separately. As shown in Fig. 4 , the voltage and the power are 26.85 V and 128.30 W separately at the last moment before stopping the software. It seems the green voltage line is quite flat and no obvious voltage drop could be found in this picture. However, when the voltage coordinate is zoomed in as shown in Fig. 5 , it is found there still exists rapid stack voltage drop, which is similar as those recorded in [2, [10] [11] [12] [13] . As shown in Fig. 5 Fig. 5 can be explained easily. Meyer et al [16] recorded the in-plane imaging of both liquid water formation and its movement from the cathode GDL to the anode GDL by means of neutron radiography technology. The current densities they used were 500 mAcm -2 and 670 mAcm -2 , which is relatively large for operating an open-cathode air-cooled PEMFC stack. Their results showed that after the load was applied no liquid water appeared at t = 0 s, but it was quickly formed and was partially accumulated inside the GDL area under the rib of the cathode flow field at t = 5 s. This means, at the very beginning just after the load is applied, oxygen could easily diffuse into the GDL area under the rib, the produced water at the cathode side humidifies the Nafion phase in the cathode catalyst layer and the cathode side of the Nafion membrane, and concentration polarizations at both the anode and cathode sides are relatively small. This explains why the stack voltage reaches its peak, i.e., 27.26 V within the first 30 s as shown in Fig. 5 . However, there is no direct liquid water removal mechanism under the rib area due to low pressure air passing through the parallel straight air channels. Therefore, the results of Meyer et al [16] at t = 10 s further showed that liquid water inside the cathode GDL area under the rib diffused through the GDL to the area under the air channel, where it was evaporated and evacuated by the large convective flux of air, and back-diffused to the anode GDL and then diffused laterally in the anode GDL. This means both oxygen concentration polarization and hydrogen concentration polarization appear and increase with time because flooding is continuously spreading in the GDLs of both sides. This explains why the average voltage drop rate of single cell is large and reaches millivolt per hour level. Moreover, during our eight-hour stability tests, it was also found that the average voltage drop rate of single cell increased with the increased operating current. This phenomenon was also recorded in Dudek's research [10] . For example, in our testing, when the operating current was increased to 9.54 A, i.e., 200mAcm -2 , while the room temperature and humidity were similar, the average voltage drop rate of single cell during the eight-hour stability testing was increased to 2.50 mV h -1 . This could be easily explained based on the above analysis. When the operating current increases, as photographed by Meyer et al [16] more liquid water would appear, and flooding spread becomes faster in the GDLs of both sides. Therefore, both oxygen concentration polarization and hydrogen concentration polarization increase faster with time. As a result, the average voltage drop rate of single cell is increased. Furthermore, when humidified hydrogen was used [7] , the voltage stability became even worse. This also proves both the formation and spread of liquid water are the key point for the rapid voltage drop.
Figure 6. Voltage distribution of single cells in the air-cooled PEMFC stack
Before finishing the eight-hour operation as shown in Fig. 4 , single cell voltages were measured. As shown in Fig. 6 , the voltage distribution in the stack is quite even and the maximum voltage difference is 3 mV. This means the air-cooled PEMFC stack was well designed and fabricated.
During the 2-week testing, it was found that the initial voltage of the next day's eight-hour operation could be recovered. A 16-hour shutdown period was experienced between two eight-hour operations. During the period, fans were stopped, no hydrogen was supplied, the stack hydrogen outlet was opened (allowing air to enter the anode compartment by diffusion), and the stack was finally cooled to room temperature. As shown in the research of Gazdzick et al [17] , shutdown period could lead to the full recovery of reversible voltage losses. Considering our research, the recovery of reversible voltage loss was probably because the movement, redistribution and evaporation of liquid water inside both the anode and cathode GDLs relieved the flooding and increased the water membrane content at nearby area. Furthermore, similar voltage drop rate as shown in Fig. 5 could be repeated if the room temperature and humidity were similar. Therefore, no obvious irreversible voltage loss was found during the 2-week stability testing. The rapid voltage drop was reversible and was derived mainly from the formation, accumulation and spread of liquid water inside both the anode GDL and the cathode GDL. 
CONCLUSION
A new structure called MEA-Plate unit with lateral hydrogen tube was developed, which binding the periphery of the anode face of a bipolar plate with the periphery of the anode side of a MEA by means of silicone adhesive. An air-cooled PEMFC stack was assembled through stacking forty MEAPlate units and mounting two hydrogen external manifolds. Consequently, the possibility of hydrogen leakage to the cathode side was excluded entirely. The maximum power could temporarily reach 351.60 W at 20.0 A. Eight-hour stack stability was tested at a constant current of 4.77 A, i.e., 100 mA.cm -2 . The single cell voltage distribution in the stack was quite even and the maximum voltage difference was 3 mV. By using linear fitting method, the calculated stack voltage drop rate was 0.03409 Vh -1 , i.e., the average voltage drop rate of single cell was 0.852 mVh -1 . Based on Meyer's research [16] and Gazdzick's research [17] , it was explained that the rapid voltage drop during eight-hour operation was caused by the formation, accumulation and spread of liquid water inside both the anode and cathode GDLs and was reversible. Based on the above analysis, in order to improve the voltage stability, a point flow field may be used to relieve the flooding inside the GDL area under the whole length of a rib of the current cathode flow field; and an interdigitated flow filed [18] may be used to remove the liquid water accumulated in the anode GDL.
